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ABSTRACT

Weproposea new chemicaldetectiontechniquein which an analyteÕsvibrationalfrequenciesare interrogateddirectlyusing an arrayof
nanomechanicalresonators.ThisÒnanomechanicalresonancespectroscopyÓ(NRS)couldpermitlabel-freechemicaldetection,combiningthe
high sensitivityof nanomechanicalapproacheswith the high selectivityof traditionalspectroscopy.A computationalproof of principleis
presented,demonstratingthe centralconcept:exploitingresonantexchangeof vibrationalenergyfor chemicalidentiÞcation.Guidelinesfor
experimentalrealizationof NRSarediscussed.

Theability to quickly andaccuratelydetectthepresenceof
a given biological or chemicalanalyte,whethergaseousor
in solution, remainsone of the most importantchallenges
for a range of applications,from chemical sensing for
homeland security to biomolecular recognition. Spectroscopic
techniquessuchasRaman,infrared,andnuclearmagnetic
resonancespectroscopyhavethe greatadvantageof being
Òlabel-freeÓ, that is, they requireno preconditioning in order
to identify agiven analyte. In addition, such approacheshave
the advantageof being highly selective,capableof distin-
guishing speciesthat are chemically or functionally very
similar. Yet, despitethesebeneÞts,spectroscopicmethods
faceenormouschallenges in measuring diluteconcentrations
of an analyte (without a puriÞcation step such as by gas
chromatography)and generally involve the use of large,
expensiveequipmentthat requirea laboratorysetting.

Recently, different approaches to chemical detection have
beendevelopedthat exploit nanomechanicalphenomena,
relying on simplescalinglaws to achieveremarkablyhigh
sensitivities.These mechanicalsensorsdetect either the
surfacestress1,2 or the changein resonantfrequencyas
analyte molecules bind to the surface of a nanoscale
resonator.Using the latterapproach,attogramsensitivityat
room temperature3,4 andzeptogramsensitivityat cryogenic
temperatureshavebeenachieved.Recently,subzeptogram
sensitivity wasdemonstrated at room temperatureusing Þeld
emission from avibrating carbon nanotube.7 Yet, despite the
exceptional sensitivitiesof theseapproaches,highselectivitys one
of the key advantagesof optical spectroscopys remains
extremelydifÞcult. Typically suchdetectorsarefunctional-

ized with acoating that selectively binds to adesired analyte;
however, thedevelopment of this functionalization chemistry
canbe costly andtime-consumingandresultsin a detector
that is limited in what it candetect.

In this Letter, we propose a new form of experimental
detection that is based on probing the vibrational modes of an
analyte molecule with nanomechanical resonators. Using mo-
lecular dynamicssimulations, wedemonstratethat thisapproach
has the potential to combine the ultrahigh sensitivity of
nanomechanical masssensing with thesuperior selectivity and
label-free aspect of optical spectroscopy. The central idea in
this approach is to take advantage of resonant exchange of
mechanical energy at thenanoscale, which exploitsthefact that
the phonon spectrum of nanomechanical probes is com-
mensurate with the frequency ranges of the vast majority of
analytes. Concomitantly, one obtains the same beneÞts of
scaling leading to ultrahigh sensitivities. Our calculationsshow
that the underlying requirements needed for this form of
detection can be achieved, namely, (1) the analyte efÞciently
transfersmechanical energy resonantly with theprobe, (2) this
energy transfer produces an experimentally measurable signal
in the probe, and (3) an appropriate distribution of probe
frequencies can be experimentally realized.

To makeananomechanical resonancespectroscopy (NRS)
measurementone can imagine undertakingthe following
heuristic sequence. First thevibrational modesof theanalyte
moleculesare excitedthermally.A nanoscaleresonatoris
thenbroughtinto ÒcontactÓwith ananalytemolecule.If the
analyteand probesharea commonvibrational frequency,
energywill beexchangedbetweentheresonantmodes.The
changein this vibrationalenergyin the proberesonatoris* Correspondingauthor,jgrossman@berkeley.edu.
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measured and recorded. Thisprocedure is then repeated with
abattery of proberesonators, each with different frequencies
to build up a histogramof thenamomechanicalresponseof
the analyte. As with optical spectroscopy, to identify the
analyte,the NRS histogramis comparedwith a library of
responsesfor known substances.

In conceptNRSis very simpleandmaybethoughtof as
bringing an analyteinto contactwith a seriesof nanoscale
ÒtuningforksÓand listening to the ÒchordÓthat is excited.
Figure1 showsconceptuallythe NRS, and its comparison
with optical spectroscopy. Thefeasability of the fundamental
principal underpinninng NRSs resonant exchange of molec-
ular vibrationalenergys is demonstratedin this work using
a dimer moleculewith varying frequenciesas the analyte
and a carbonnanotubeas the probe.Classicalmolecular
dynamicssimulationsare performedto measure,in detail,
the transferof vibrationalenergyfor this system.

The simulations are performed in the microcanonical
ensemblewith the dimer initially stretchedsuchthat upon
releaseits meantemperatureis ! 1100K. The(10,0)carbon
nanotubeis in its ground-stategeometrywhenthestretched
dimer is placedrandomlyalongsidethe tube. Interatomic
interactionsweremodeled using BrennerÕssecond generation
reactiveempiricalbondorderpotential(REBO),8 in which
the van der WaalÕs(vdW) interaction is treatedwith a
Leonard-Jones6-12 potential.Previouswork demonstrated
the validity of using the REBO potential for studyingthe

transferof vibrational energy9 betweenweakly interacting
resonators.For eachsimulationthecarbonnanotube(CNT)
contained 400 atomsperiodically repeated along itsaxis, and
the equationsof motion were integratedusingthe velocity
Verlet algorithm with a time step of 0.1 fs, limiting
ßuctuations in the total energy to less than 10- 7 of theenergy
of thesystem. In order to monitor theexcitation of theprobe
in the presenceof a given analyte, the energy in each
vibrational modeof theCNT iscomputed at every timestep,
by projectingtheatomicdisplacementsandvelocitiesof the
CNT onto eachof its eigenvectors,which arecomputeda
priori usingthe frozenphononmethod.10

Whena simulationis initiated,thevibratingdimerexerts
an oscillatory force on the CNT via the van der WaalÕs
interaction, driving the tubeÕs vibrational modes and transfer-
ring energyinto them.As thedimer is weaklyboundto the
tube,it alsoundergoesa slowerbouncingoscillationon the
tubesurface,causingthe dimer to migraterandomlyalong
the tube.Figure 2 showsthe evolution of the spectrumof
vibrationsexcitedin a CNT that is in contactwith a dimer
tunedto oscillateat 10 THz. At eachtime-stepthe excited
spectrumis computedfrom a sumof LorentzianÕscentered
at eachmodeandweightedby the modeenergy.

Figure 1. A schematiccomparisonof NRSwith traditionaloptical
spectroscopy.Panel(a) depictsin very generaltermsan optical
spectroscopymethod,in which thevibrationalmodesof ananalyte
are interrogated with a laser. Electron- phonon coupling transduces
the illuminating radiationandthe measuredspectrumthat results
is usedto identify theanalyte.Panel(b) depictstheproposedNRS
methodin which a heatedanalyteinteractsdirectly with a series
of nanomechanical proberesonators. If aprobe is in resonancewith
a vibrational mode in the analyte, then vibrational energy is
exchanged;thus,theanalyteexcitesa uniquechordin thearrayof
probeswhich canbe usedto identify it.

Figure 2. Simulation results for (10,0) CNT resonanceprobe
interacting with a 10 THz dimer. Panels (a) and (b) show
respectivelythe initial and Þnal conÞgurationsof the system.In
panel (b) the internal displacements within the CNT have been
artiÞcially ampliÞedto showthat it is a ßexuralmodein the tube
which hasbeenprimarily activated.The surfaceplot in panel(c)
showsthe evolutionof the spectrumof vibrationalmodesexcited
in theprobe. Theexcited energy density includesboth thepotential
andkinetic contributionsto the vibrationalenergyof eachmode.
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It can clearly be seenfrom Figure 2 that for a 10 THz
analytemostof the vibrationalenergythat is transferredto
theCNT occupiesmodeswith frequenciesclosest to 10 THz,
i.e., modesin resonancewith the dimer.This demonstrates
that information about the vibrational frequency of the
analyteis communicatedto theprobeandremainslocalized
in frequency for an experimentally measurableduration. The
dissipation of energy in theexcited mode in the tube issmall
as the tube was initially at 0 K. Simulationsin which the
tubehasan initial backgroundtemperatureshowthe same
qualitativebehavior although with increased dissipation from
the excitedmode.

It is interesting to note in Figure2 that the resonant modes
in theCNT becomeexcitedovertheinitial 10- 20 psof the
simulation and doesnot appear to continuegaining signiÞcant
energyover the subsequent80 ps, eventhoughthe dimer
remainsconsiderablyhotter than the nanotubeand is still
boundto it. Simulationsout to 1 ns show that the energy
doescontinueto rise slowly. This behaviorarisesbecause
while it is vibrating, the dimer also slowly meanders
randomlyover thesurfaceof thetube,resultingin a drift in
phasespaceof the oscillatory force felt by the tube.This
continuousdephasingof thedriving force (from thedimer)
andthedrivenmodein theprobereducestherateof energy
transferresultingin a long transfertime. The long duration
of energytransferthatweobserveimpliesthattheresonator
will remain excited for nanoseconds, even if thequality factor
of the proberesonatoris poor. Thus, measurementof the
probeenergyis limited by the intensityof theexcitationto
bedetectedratherthanthelengthof time availableto detect
it. Another interesting feature in Figure 2 is the small
excitationof modeswith twice the frequencyof the dimer,
indicating that an anharmonic interaction is rectifying
(frequencydoubling)the force that the dimer exertson the
tube.

In orderto testthe frequencysensitivityof theprobe,we
repeated this calculation for a sweep through dimer frequen-
cies between1 and 50 THz in 0.25 THz intervals (i.e.,
spanningmostof thephonondensityof statesof theCNT).
For each case the dimer was set such that its mean
temperaturewas1100 K and again brought into contact with
the CNT. The energiesin all of the phononmodesof the
tubewereevaluatedasa function of time (asin Figure2),
and for eachsimulationa measureof the responseof the
CNT nanomechanical resonance probe was taken by averag-
ing its excitedspectrumover the Þnal10 ps. By repeating
the simulationswith dimers of different frequencies,we
obtain a scan of the responseof the probe to analytes
spanning itsentire frequency range, theÞrst 20 THz of which
isshown in Figure3. The fact that theCNT responsesurface
is excitedprimarily along the diagonalin this plot shows
that the excitationof the proberemainsresonants that is,
sharply localized at the dimer frequencys for all analyte
frequencies. This result representsacritical proof of concept,
important for a functional NRS: it ensures that when astrong
signal is detectedat a particularfrequencyin the probe,it
correspondsto the presenceof a molecularvibration in the
analyteof thesamefrequency; modes in theprobeareclearly

not stronglyexcitedby anoff resonantanalyteasevidenced
in Figure3. Moreover,thepresenceof theanalytedoesnot
strongly alter the frequency of themodesof theCNTs which
would blur the frequencyspeciÞcityof the probe.Unlike
masssensingapproacheswhich rely on theanalytebinding
causinga frequencyshift in the resonator,herethe analyte
is only very weaklyboundto theprobethroughthevander
WaalÕs interaction which vitiates theeffectsof mass loading.
While weakbinding of the analyteto the probeis likely to
be necessary for NRS, it should be noted that it is consider-
ably morestraightforward to ÒunfunctionalizeÓaresonators
making it nonselectively less bindings than to tailor a
functionalizationcoatingto bind selectivelyto a particular
molecularspecies.

A secondobservationfrom Figure 3 is that the probe
detectsmolecular vibrationsover awiderangeof frequencies
and that thediagonal band of resonant responseof theprobe
is not uniform but peakedat frequencieswhere thereare
more modes in the tube that can couple to the dimer.
Consequently,the single CNT is acting like an array of
resonanceprobesdistributed according to itsphonon density
of states,and if a more complicatedmoleculewith many
vibrationalmodeswere to interactwith the probe,eachof
themoleculeÕsfrequencieswouldbeexcitedin theprobe.If
one could experimentally monitor simultaneously the excita-
tion of all the modesof a tube, then we would be able to
identify theanalytewith only a singletube.Of course,if it
werepossibleto monitorall phononmodesof theCNT, we
would also be able to measurethe modesof (and thus
identify) theanalyte, and so theNRSwould beunnecessary.
The dramaticsimpliÞcationupon which the NRS depends
is that oneonly requires theability to measure theexcitation
of asingleparticular vibrational modeof ananoscaleobject.
With theability to detecttheexcitationof a singleresonant
modein a nanomechanicalprobe,onecoulduseanarrayof
resonant probes, each tuned to adifferent frequency, in order

Figure3. Scan of theexcitation responseof aCNT nanomachanical
resonanceprobeto molecularvibrationswith frequenciesover the
entire frequencyrangeof the CNT. Only the Þrst20 THz of the
scanareplotted,astheresponseof theprobeat higherfrequencies
wasnegligible. Theresponsespectrum of theprobefor each analyte
frequencyis an averageof the excitedspectrumbetween90 and
100 ps of the simulation.
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to interrogate an analyte. The combined frequency informa-
tion from eachof theprobeswouldmakeauniquesignature
(like the notesin a chord)andcould be useto identify the
vibrational frequenciespresentin the analyte.

Thedetectioncapabilitiesrequiredto measuretheexcita-
tion within a probe will vary greatly dependingon the
frequencyrangeof interestandthe particulardesignof the
resonanceprobe. Wenote that thereareanumber of exciting
developments in experimental nanoscalecharacterization that
could provideenabling technologies for an NRSmethod. For
example, the technological goal of ultrasensitive mass
measurementhas driven the developmentof numerous
methodsfor sensingvibrationsin thefundamentalmodesof
nanomechanicalresonatorsusingcapacitance,11 piezoresist-
ance,12 atomicforcemicroscopy,13- 15 andÞeldemission.7,16

In addition, the racefor the quantumlimit of mechanical
detection hasspawned ultrasensitiveposition detectorsusing
singleelectrontransistors.17,18 Also, methodsof cooling an
individual modeof aresonator below thethermal background
of the restof its modeshavebeendeveloped.19- 21 Finally,
scanningnear-Þeldspectroscopycannow identify localized
nonmechanicalvibrationalmodesof a system.22

Giventhenecessityof monitoringtheactivity of a single
modein eachresonanceprobe,presumingonehadachoice,
which modeshouldonemeasure?As the excitedresponse
of the CNT to the dimer is (largely) resonant,scanningthe
dimer frequencyhassampledthe tubeÕsvibrationaldensity
of states(PDoS)weightedby theefÞciencywith which the
energytransfers.Thus,we canwrite theresponsespectrum
of the probe! (ω) ) σ(ω) F(ω), whereF(ω) is the density
of vibrationalmodesin thetubewith frequencyω andσ(ω)
isameasureof theefÞciency with which adimer resonantly
exchangesenergywith modesin the tubeof frequencyω.
The CNT response spectrum, ! (ω), is computed by integrat-
ing theresponsesurface(Figure3) over thedimer frequen-
cies. Previouswork9 has shown that the rate of resonant
transferof energybetweenmodes(or their transmittance,
σ(ω)) is inversely proportional to the square of their
frequency.Figure 4 showsthe broadbandresponseof the
CNT resonanceprobe (red), the CNTÕsdensity of states
(black), and this density weighted by 1/ω2 (blue). The
collapseof thedata isexcellent, illustrating thegeneral nature
of this result.

The 1/ω2 dependence on the sensitivity of the probe to a
molecular vibration implies that the tubes are effectively self-

Þltering. Thisproperty can beused advantageously and can help
set some guidelines for the realization of a working nanome-
chanical resonance spectroscope. The most sensitive sampling
frequency of each proberesonator isitslowest frequency mode;
thusoneshould design thespectroscopeso that onecan monitor
theoccupation of thismode in each of theprobes in thearray.
Additionally, thisself-Þltering property may relax thestringent
energy detection requirementsof an NRSprobe. Knowing that
ananoscaleobject transfersheat most strongly through itslowest
frequency modemeansthat onecould simply monitor thetotal
heat ßux through aresonator, given that a large increase in the
thermal ßux comes from interactions with hot molecules with
molecular vibrations in resonance with the fundamental mode
of the probe. This one guideline vastly simpliÞes the process
of selecting nanoscale objects to act a probe resonators, by
choosing families of objects with controllable geometries that
change the fundamental frequency. Several examples of this
are fullerenes where the radius of the fullerene determines the
frequency of its breathing and ßattening modes or the funda-
mental mode of a suspended or cantilevered nanowire or
nanotube, determined by length and radius. By way of example,
the lowest frequency modes for fullerenes and the ßexural
modes of CNTs are plotted as a function of their tuning
dimension in Figure5. It can beseen that together thesemodes
spannearly3 decadesin frequencyspaceandthus,if used
as nanomechanical resonance probes for NRS, could poten-
tially permit detectionof a wide rangeof molecularvibra-
tions. One could envisionseveralNRS devicesetups;for
example,a seriesof CNTs of differing length (or radius)
suspendedover a trench,similar to the strings in a harp.
Alternatively one could pass analytes through holes in
graphenemembranesor oversubstratescoatedin fullerenes
of different radius.The designof a practicalNRS is more
limited by capabilities for detecting the excitation of a
vibrational mode than the ability to fabricate nanoscale
devices.

In conclusion, wehaveproposed anovel form of chemical

Figure 4. Low frequencyportionof theintegratedresponseof the
nanomechanicalresonanceprobe! (ω) (red line), thePDoS,F(ω),
of the tube(black line), andthe convolutedPDoS,ω- 2F(ω) (blue
line). The scalingin the y directionis arbitrary.

Figure 5. Mode frequencyfor families of nanoscaleobjects.The
dataplottedin redandblueat high frequenciesshowrespectively
the frequency of the lowest frequency modeand thebreathing mode
for fullerenesas a function of their diameter.The dashedblack
line showsthe frequencyof the radial breathingmodefor CNTs
asa function of their diameter(with dataplottedusingthe Þtting
formulaω (cm- 1) ) 244/d2(nm) from EklundandDresselhaus23).
The shaded region plotted at lower frequencies shows the frequen-
ciesof the lowestfrequencyßexuralmodeof single-walledCNTs
asafunction of length for arangeof stablechiralitiesand diameters.
The mode frequenciesfor both the fullerenesand CNTs were
calculatedusingthe REBO potential.
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detection (and characterization) that combinestheadvantages
of mechanicalchemicalsensingmethodswith thelabel-free
ability of traditionalspectroscopicmethods.While thereare
practical hurdleswhich must beovercome in order to realize
experimentally asuccessful NRS, using thespeciÞc example
of adimer and aCNT, theresultsdescribed heredemonstrate
theunderlying principleof thedevice. Thesimulationsreveal
that energyis resonantlyexchangedinto speciÞcmodesof
theprobeCNT andthat this energycanremainlocalizedin
frequencybefore dissipatingto other modesof the tube.
Moreover, our work indicatesthat strong excitation of a
mode is only due to resonantinteraction, and thus the
measured signal in a resonance probe is unique and
meaningful.Beyondthe proof of principle, it is found that
probesare not uniformly sensitiveto molecularvibrations
but areself-Þlteringandthat this behaviorcanbeexploited
to simplify theconstruction of a functioning nanomechanical
resonancespectroscope.
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